This article presents the results of the study on the effect of nanomagnetite modification on textural characteristics of clay matrices, adsorption properties, and parameters of the spent sorbents separation. The nitrogen adsorption-desorption method has shown that the obtained magnetic nanocomposite sorbents have large specific surface areas (in 1.2-2 times more) than the initial clays due to the formation of the secondary porous structure on the surface and in macropores of clay matrices. The best adsorption properties with respect to dyes belong to magnetic sorbents with nanomagnetite content of 7 wt.%. The additional modification of the third phase of graphene-like molybdenum disulphide into magnetic sorbents leads to the significant increase in the sorption capacity of both cationic (up to 1100 mg/g) and anionic (up to 1830 mg/g) dyes. The conducted investigations of the total acidity and acid-base sites on the surface of clay, magnetite-modified clay, and molybdenum disulfide-modified magnetic sorbent indicate the significant influence of the Lewis base cites on the adsorption properties of these materials.
Introduction
The nanotechnology and nanochemistry of magnetic materials are one of the most actively developing areas of modern nanoscience, which in recent years has been attracting increasing attention from researchers from various fields in chemistry, physics, biology, and medicine [1] . Magnetic nanoparticles of the size from 5 to 100 nm have a significant application potential in biomedicine, magnetic resonance imaging, data storage systems, various detectors and immunoassay systems, magnetically controllable fluids, environmental chemical engineering, etc. In the latter case, magnetic nanoparticles are used as sorbents or catalysts in their pure form or as a component of composite material to extract toxic pollutant (organic, heavy metal ions, etc.) substances from the aqueous medium [2] [3] [4] .
In recent years, there has been an active search for methods and approaches aimed at creating new, efficient, and magnetically controllable composite sorption materials of broad functional purpose. The most promising method for creating magnetic sorbents today is the impregnation of various sorption matrices by magnetic nanoparticles [5, 6] , which is simple in implementation and not expensive. This method is usually used for the creating sorption materials of water purification. Another popular method is layer-bylayer functionalization of magnetic nanoparticles [7, 8] . The functionalization is used mainly for the synthesis of magnetic sorbents for analytical purposes. At the same time, publications in this field, the number of which increases every year, indicate that the search continues and is still far from its completion.
An overwhelming number of publications is devoted to the synthesis and use of magnet-containing sorbents with a core-shell structure (see Figure 1(a) ), which are obtained by noncovalent or covalent immobilization of various inorganic or organic compounds on the surface of previously synthesized iron oxide nanoparticles [9] . There is also a lot of research, e.g., [10] [11] [12] , on the synthesis and application of magnetic composite carbon or polymer-based sorption materials with incorporated iron oxide nanoparticles (see Figures 1(b) and 1(c)). One of the most promising methods of obtaining magnetic nanocomposite sorbents include surface modification of various sorption materials by nanoscale magnetic iron oxide particles, predominantly Fe 3 O 4 (see Figures 1(d) and 1(e)). This is associated with the almost unlimited opportunity to modify sorption properties of the obtained magnetic nanocomposites due to the variation of their structure whilst maintaining the relative simplicity and cheapness of their synthesis [13, 14] .
From this point of view, the magnetic sorbents based on clay minerals are of great scientific and practical interest, since they combine unique sorption properties and low cost of clays with the possibility of their rapid separation from the suspension after the sorption process is completed by means of the magnetic field. A lot of publications are devoted to magnetic sorbents with the matrix made of bentonite, montmorillonite, kaolin, zeolite, and other clays which are usually synthesized using the method of coprecipitation [15] [16] [17] [18] [19] [20] [21] .
However, in the literature, there are no comparative investigations of various approaches to obtaining such magnetic sorption nanomaterials. In [22] , we carried out comparative research on the influence of the synthesis method (mechanical mixing, coprecipitation, and impregnation) on the sorption properties of magnetic nanocomposites using saponite clay as a clay mineral. We have shown that simple impregnation method is more efficient than the other mentioned methods as the obtained materials had better sorption characteristics towards dye contains at low concentrations in aqueous solutions. Also, effective and inexpensive nanocomposite sorbents based on palygorskite and spondyl clay were obtained using impregnation. These synthesized materials were characterized by high sorption capacity towards dyes, surfactants, and polyphosphates of various natures [23, 24] .
Thus, further research is needed in the field of directed modification of clay materials with nanomagnetite in order to identify structural and sorption parameters that will lead to the creation of new, efficient, and magnetically controllable composite sorbents.
In this research, data are presented on the change in the adsorption and textural characteristics of clay matrices depending on the magnetite content; the amount of the modifier on the magnetic separation process and the moisture content of waste sorbents; and the influence of the third-phase presence (nanomolybdenum disulphide) in the magnetic mineral sorbent on its adsorption and textural properties. Thus, we attempted to analyze the possibility of directed modification of the adsorption and textural properties of various clay matrices modified with nanomagnetite by a simple impregnation method.
Materials and Methods

Magnetic Composite Clay Sorbents.
Magnetic composite clay sorbents were synthesized by the method of impregnation of the corresponding clay minerals (saponite, palygorskite, and spondyl clay of Ukrainian deposits) with freshly prepared Fe 3 O 4 -based magnetic fluid. The method of magnetic fluid and clay-based magnetic nanocomposite synthesis is presented in detail in [23, 24] . It has been shown that Journal of Nanomaterials regardless of the composition (see Table 1 ), the obtained magnetic composite mineral sorbents contain magnetite with a particle size of up to 10 nm [25] . The nanocomposite with better sorption properties was additionally modified with graphene-like MoS 2 , nanoparticles of which had the following characteristics: average dimensions d 013 = 2 9 2 nm, d 110 = 10 4 6 nm; unit cell parameters a = 0 3135 1 nm, c = 1 258 1 nm; and the estimated average number of S-Mo-S nanolayers n~4 [26] . The modification of Sap7 was carried out in an aqueous suspension using an ultrasonic bath (44 kHz) for 30 minutes. The suspension was then filtered, and after that, the obtained precipitate was dried. The synthesized Sap7-MoS 2 sample contained 1 wt.% of molybdenum disulphide and 99 wt.% of Sap7.
Adsorption of Dyes on Magnetic Nanocomposite Sorbents.
The adsorption properties of magnetic sorbents based on different clay minerals were investigated by the static adsorption of dyes of various natures. The concentration of dyes was determined using a UV/Vis spectrophotometer. The characteristics of dyes are presented in Table 2 .
Sorption properties were investigated as described in [23, 24] . The equilibrium adsorption capacities (Q e ) were calculated according to the following equation:
where C 0 and С e are the initial and equilibrium concentrations of the dyes in the solution, respectively, in mg·l
; V is model solution volume, in l; and m is the mass of sorbent sample, in g.
2.
3. Magnetic Separation. Magnetic separation of spent sorbents was carried out in a pyramidal magnetic module with magnetic field intensity over the height of the settling tank from 20 mT to 220 mT [25] . The residual concentration of the suspended particles of the spent magnetic sorbent was determined by turbidimetric method using a UV/Vis spectrophotometer. The moisture content of the obtained precipitate of the spent sorbent was investigated by gravimetric analysis.
Structural Adsorption Characteristics of Magnetic
Nanocomposite Sorbents. The adsorption and textural characteristics of the obtained materials were carried out by low-temperature nitrogen adsorption-desorption method (T = 77 K) on Quantachrome Autosorb (Nova 2200e). The specific surface area was calculated using BrunauerEmmett-Teller (BET) equation. Adsorption pore volumes (V sp ads) were calculated using a single point method. The pore size distribution of the mesopores was determinate by Barrett-Joyner-Halenda (BJH) method.
2.5. Acid-Base Properties of Magnetic Sorbent Surface. The total acidity of the surface was evaluated from the pH value of the isoionic point (pH iip ) by potentiometric method. 25 cm 3 of double-distilled water was introduced into the potentiometric cell, and after the stabilization of the glasscombined electrode potential, 0.25 g of the sample was added. After certain periods of time, the pH of the suspension was measured under constant stirring. Thus, the curves of pH change over time were obtained, which reflect the acid-base state of the surface.
Investigation of the surface active sites distribution with respect to the acid-base properties was carried out with the help of Hammett method using 9 indicators with pKa values in the range of −0.29 to 12.8. For this purpose, the optical density of the indicators' initial solutions with a concentration of 2.5 mg/l (D 0 ) was measured on a UV/Vis spectrophotometer. After that, the sorbent suspensions were prepared in these solutions (~0.02 g of sorbent sample, 2 ml the indicators' initial solutions, and 3 ml of distilled water), and after reaching the adsorption equilibrium and subsequent decantation, the optical density (D 1 ) was measured. In order to take into account the influence of medium pH change on optical density caused by the contact between the solution and the sorbent, similar suspensions were prepared in distilled water (~0.02 g of sample and 3 ml of water), and after 120 minutes, an indicator initial solution was added to the decantate and the optical density (D 2 ) was measured. Optical density of the solutions was determined in glass cuvettes (10 mm) at the wavelength corresponding to the maximum adsorption of the indicator solution. The content of active sites with a specific acidic strength (q, mkg/g) was calculated according to the following equation:
where C i and V i are the concentration and volume of the indicator, mkg·l −1 and l, respectively, and m 1 and m 2 are the masses of sorbent sample during measurements of D 1 and D 2 , g.
Results and Discussion
Structural Sorption Properties and Sorption
Capacities in Relation to Dyes of Magnetic Nanocomposites. The synthesized magnetic nanocomposites based on saponite, palygorskite, and spondyl clays initially were investigated for the determination the structural sorption properties by nitrogen adsorption-desorption method and the adsorption properties with respect to dyes of various natures.
Figures 2, 3, and 4 show the isotherms of adsorptiondesorption in nitrogen for initial clays and clay-based 3 Journal of Nanomaterials magnetic nanocomposites. As it can be seen from the figures, all the presented isotherms refer to the IV type (according to IUPAC classification) that is typically of mesoporous materials [27] . All investigated initial clays (Figures 2(a) , 3(a), and 4(a)) are characterized by the average pore size in the range of 4 nm. 
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From the isotherms shown in Figure 2 , it can be seen that the modification of saponite with magnetite has a significant effect on the adsorption and texture characteristics of composites. Thus, during the transition from the initial sample of saponite to the composites with a content of magnetite 7 wt.% and 10 wt.%, a change in the capillary-condensation hysteresis loop from H3 through the hybrid type H1 + H3 to H1 is observed. This indicates the predominant presence of cylindrical pores in the initial sample of saponite that are open on both sides, which are typical of the materials with a layered structure formed by parallel packed lamellar particles. The transition to a hybrid type of hysteresis loop for the composite with 7 wt.% was probably caused by the deposition and partial blocking of cylindrical pores by magnetite nanoparticles. This is confirmed by the shape of nitrogen adsorption-desorption isotherm of the Sap10 sample with 10 wt.% of magnetite, for which spontaneous filling of pores is observed in the range of high relative pressures, p/p 0 0.9-1.0, which is typical of deadlock cylindrical pores. A similar effect was observed during adsorption of strontium ions on layered manganese oxide [28] .
The increase in the BET specific surface area from 35 m 2 /g to 69 m 2 /g during the transition from the initial saponite to the Sap7 and Sap10 composites is caused by the presence of magnetite nanoparticles with a developed surface in their structure, which is confirmed by the transition of monomodal pore size distribution with a maximum of 4 nm for the initial clay to bimodal pore size distribution for composites with a second maximum for pores with size in the range of about 15-18 nm. At the same time, for a sample with a maximum magnetite content in Sap10, the maximum at 18 nm becomes predominant. Along with the growth of the specific surface area, the modification of saponite with nanoparticles of magnetite is accompanied by an increase in the pore volume from 0.11 cm 3 /g to 0.31 cm 3 /g, which is also caused by precipitation of magnetite with a developed porous structure. Thus, the modification of saponite clay with magnetite leads to the increase in the specific surface area and pore volume, as well as bimodal pore size distribution due to the formation of a secondary porous structure on the surface of native clay.
Textural characteristics of palygorskite after modification with magnetite change less significantly. For all samples, H3 type of capillary-condensation hysteresis is observed that is typical of adsorbents with layered structure and open pores of cylindrical shape. At the same time, adsorption properties (specific surface area and pore volume) of palygorskite change in a similar way as the samples based on saponite clay. The addition of magnetite also increases the specific surface area from 73 m /g for Pal 7 and Pal 10, respectively. On the pore size distribution curves, along with the maximum at 4 nm, an insignificant second peak appears with a maximum of about 18 nm. It is obvious that changes in adsorption characteristics are associated with the formation of the secondary porous magnetite structure, while preservation of textural characteristics is caused by the absence of pores blocking the initial palygorskite during the precipitation of magnetite for Pal 7 and Pal 10 samples.
Sorbent samples based on spondyl clay are characterized by similar H2 type of hysteresis loop that is typical of slit-like pores, regardless of the magnetite content. Although spondyl clay is characterized by a predominantly average mesopore size of 4 nm, macropores (see Figure 4(a) ) are also present in its structure. With the increase in magnetite content, an insignificant increase in the adsorption characteristics is observed, namely, specific surface area increases from 21 m 2 /g to 31 m 2 /g and 37 m 2 g and pore volume from 0.08 cm 3 /g to 0.09 cm 3 /g and 0.12 cm 3 /g for the initial spondyl clay and Spo7 and Spo10 composites, respectively. It should be noted that similar to the cases considered above, the modification with magnetite also leads to the formation of the secondary porous structure on the surface of spondyl clay macropores with an average mesopore diameter of 20 nm, the amount of which increases with the increase of the Fe 3 O 4 modifier.
Thus, different regularities of the adsorption and textural characteristics change of composites are observed that depend 5 Journal of Nanomaterials on the type and porous structure of the initial clay. In all cases, the introduction of magnetite into the structure of clay minerals leads to the formation of the secondary porous structure and is accompanied by an increase in the specific surface area and pore volume of nanocomposite materials.
Sorption capacities of all native clays, as well as claybased magnetic nanocomposites and magnetite with respect to malachite green and Congo red, are shown in Figure 5 . According to the diagram shown in Figure 5 , saponite-based sorbents demonstrate the best sorption properties in both dyes, which are characterized by larger surface areas than spondyl clay-based samples and smaller surface areas than palygorskite-based sorbents. In all cases, when clays are modified with magnetite, sorption properties are improved and the largest capacity is observed for magnetic sorbents with magnetite content of 7 wt.%. It should be noted that in spite of blocking the initial pores of the saponite, Sap10 is still quite active with regard to dyes of various natures.
An additional investigation of magnetite sorption properties has shown that it has the lowest sorption capacity with respect to both dyes. The highest sorption capacity (350 mg/g and 170 mg/g with respect to malachite green and Congo red, respectively) belongs to the magnetic nanocomposite sorbent based on saponite clay Sap7.
Thus, it is possible to establish a synergetic effect when nanomagnetite is introduced into a clay matrix in all cases.
Magnetic Separation of the Spent Magnetic Sorbents.
Such important technological parameters as residual concentration of sorbent particles for a certain time period and humidity of precipitation were investigated after magnetic separation of spent sorbents.
The results of investigations of the spent sorbents separation using magnetic separation in the magnetic module are presented in Figure 6 . The figure shows the residual concentrations of suspended particles of clays and claybased magnetic sorbents in the solution after 30-minute magnetic separation, and the moisture of the precipitates after their separation from the solution to be purified.
As it can be seen from Figure 6 , in all cases, that the modified clays (positions 2 and 3) are separated from the solution 5 times faster than native clay materials. Moisture content of spent magnetic sorbent precipitates is at least 3.5 times lower than that of clay minerals.
The studies above indicate a significant perspective on the creation of magnetic nanocomposite sorbents based on natural clay matrices, which, as shown, are characterized by better textural characteristics and adsorption properties than natural clays. Also, their use will make it possible to get much faster separation of spent sorbents from the solution and obtain precipitates with lower moisture content.
So, based on the obtained results on textural characteristics, adsorption properties, and technological parameters for the investigation of additional modification with graphenelike particles of molybdenum disulphide, magnetic nanocomposite sorbent Sap7 was chosen.
Effect of MoS 2 Modification on Sorption and Acid-Base
Properties of Magnetic Nanocomposite Based on Sap7. The change in the sorption activity of the magnetic sorbent Sap7 after its modification with molybdenum disulphide, as well as comparison with the initial saponite clay, is shown in Figure 7 .
As it can be seen from Figure 7 , an additional modification of the magnetic sorbent Sap7 with molybdenum disulphide results in a significant increase in the sorption capacity, namely, the sorption capacity of Sap7-MoS 2 with respect to malachite green is 1100 mg/g that is 11 times and 3.2 times higher than the same for saponite and Sap7, respectively. The sorption capacity of Sap7-MoS 2 with respect to Congo red is significantly higher and is at the level of 1830 mg/g that is 62 and 10.4 times more than the same for saponite and Sap7, accordingly.
The increase in the sorption capacity of Sap7-MoS 2 for both dyes cannot be explained only by changes in their textural characteristics. In our opinion, such sudden leap of the sorption capacity can be caused either by the appearance of additional surface active centers on the surface of the magnetic composite material or by the photocatalytic activity of the third-phase molybdenum disulphide in the composition of the magnetic nanocomposite Sap7-MoS 2 , which reveals in the visible light area [29] . In order to determine the first assumption, investigations were carried out concerning the total acidity of the surface and the distribution of surface centers along the acid-base properties of these three samples. Figure 8 shows the pH changes of the sorbent suspension in double-distilled water over time for saponite, Sap7, and Sap7-MoS 2 . As it can be seen from the figure, in all cases, Lewis base centers predominate. After reaching the equilibrium, the value of the isoionic point for saponite, Sap7, and Sap7-MoS 2 was 9.3, 8.4, and 9.1, respectively. The steadystate pH values indicate the base state of the surface of all the investigated samples. Moreover, saponite is characterized by the highest basicity while Sap7 by the lowest. Journal of Nanomaterials
The following Hammett indicators were selected for the investigations: o-nitroaniline (pK = −0.29), fuchsine (pK = 2.1), bromophenol blue (pK = 3.9), methyl red (pK = 5.25), bromothymol blue (pK = 6.8), phenol red (pK = 7.6), thymol blue (pK = 8.8), and indigo carmine (pK = 12.8). Figure 9 shows the distribution curves of the adsorption centers of Hammett indicators on the surface of saponite, Sap7, and Sap7-MoS 2 in the aqueous medium. Modification of the saponite surface with 7 wt.% of magnetite leads to the decrease in the number of Brönsted base sites (pK = 7.6) and to the increase in the number of Brönsted acid sites (pK = 5.25), which explains the decrease in pH iip compared to saponite, as well as the higher adsorption affinity for anionic dye compared to saponite. The number of Lewis base sites (pK = −0.29) increases compared with saponite in Sap7.
Additional modification of the magnetic sorbent Sap7 with molybdenum disulfide increases the number of the Brönsted base sites (pK = 7ю6, pK = 12.8) on its surface in comparison with Sap7, but still there are less of them than in saponite. In addition, modification with graphene-like particles of MoS 2 leads to an even more significant increase in the number of Lewis base sites (pK = −0.29).
Thus, the increase in the Lewis base sites content from saponite to Sap7 and then to Sap7-MoS 2 leads to the increase in adsorption capacity towards malachite green, which is a cationic dye. The increase in sorption activity with respect to Congo red is caused by both the increase in the number of Brönsted acid sites (especially for Sap7) and, possibly, by the photocatalytic activity of molybdenum disulphide in Sap7-MoS 2 .
Conclusions
The changes in the textural characteristics of clay matrices after their modification with nanomagnetite in the amount of 7 wt.% and 10 wt.% have been investigated and analyzed. It has been shown that in all cases the introduction of magnetite into the structure of clay minerals leads to the formation of the secondary porous structure and is accompanied by the increase in the specific surface area and pore volume of nanocomposite materials.
As a result of magnetic separation of both magnetic nanocomposites and clay sorbents, it has been shown that magnetic sorbents are separated from the suspension at least 5 times faster than clays, and the moisture content of the precipitates decreases by 3.5-4.75 times. It has been established that the modification of clay matrices with nanomagnetite content that exceeds 7 wt.% is unreasonable due to the decrease in adsorption properties in all cases.
The additional modification of magnetic sorbents with graphene-like molybdenum disulphide (Sap7-MoS 2 ) significantly changes their adsorption and surface properties. The sorption capacity of the triple magnetic composite with respect to the cationic dye increases from 350 mg/g to 1100 mg/g and to the anionic dye from 176 mg/g to 1830 mg/g. The increase in the sorption capacity of Sap7-MoS 2 for both dyes is related, in our opinion, to the increase in the number of the Lewis base sites and increase in the number of Brönsted acid sites.
The obtained results demonstrate the considerable prospects for the creation of magnetic nanocomposite sorbents based on natural clay matrices, which, as shown, are characterized by better textural characteristics, adsorption properties, and technological parameters regarding separation after the sorption process than natural clays. In this case, additional modification with graphene-like molybdenum disulphide makes it possible to create absolutely new highly efficient magnetic nanocomposite sorbents of multifunctional purpose.
Data Availability
No data were used to support this study.
Conflicts of Interest
The authors declare that there is no conflict of interest regarding the publication of this paper. 
